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ROTORBIADESSUITABLEFORAIRCOOL12K+

By ThOmaSR.
and

Heaton,WillismR. Slivka
LeonardF. Westra

SUMMARY

Theperformancecharacteristicsof a turbinewithnontwistedrotor
bladessuitableforaircoolingweredetermined.Theturbine-design
requirementswerethesameas thoseof theturbineof a contemporarytur-
bojetengine;geometricdeparturesfromthedesignof theexistingturbine
weremadeonlywheresimplicityof coolingtherotorbladeswouldresult.
Theperformancecharacteristicsweredeterminedlyobtainingtheover-all
performanceandflowsurveysof a scalemodelof thisturbineina cold-
airturbinerig.

A braketnternalefficiencyof0.S2wasobtainedatthedesign
equivalentshaftworkanddesignecpivalenttipspeed.Brakeinternal
efficienciesoftheorderof0.S45,occurredat stagnation-pressureratios
andequivalenttipspeedsgreaterthandesign.Lsrgeregionsof
stagnation-pressurelosswerepresentat thestatorexit,whichindicated
possibleflowseparationonthesuctionsurfaceofthestatorblades.A
decreaseof turbineefficiencytowardthetipofthebladewasobserved
fromtheflowsurveysat therotorexit.

Theapplicationof
gasturbinesintroduces

IN!IROIXJCTION

internalturbine-rotor-bladecoolingto aircraft-
newprobla inturbineaerodyusmicresearch.

!lheseproblemsmustbe consideredinthesuccessfulandrapiddevelopment
of cooledturbines.Oneoftheproblemsisto determinethesatisfactory
aerodynamicdesignendtheperformanceofa turbinehavingrotorblades
thatsrestructurallysuitableforaircooling.Sucha bladecouldbe
oneofuniformcaniberandzerotwistalongtheradiuswiththicktrailing
edges.Thisdesignwouldbe a depsrturefranconventionalturbinedesigns
thathavetwistedrotorbladeswiththintrailingedges.A nontwisted
rotorbladewouldfacilitatethefabricationofrotorbladeswhereinter-
nalcoolingpassageswithinthebladessredesired.Obtaininga cooled-
rotor-bladedesignwithsatisfactorycooli?igcharacteristicsnearthe
trailingedgeisdifficultbecauseofthecomplexityofprovidingfor
coolingpassagesina bladewiththintrailingedges.

.
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An analyticalinvestigationoftheaerodynamiccharacteristicsof
nontwistedrotorbladesincotiinationwithtwistedstatorbladesis d
describedinreference1. A studyoftheperformanceofturbineblades
withthicktrailingedgesispresentedinreference2. Theresultsof
theinvestigationreportedinreference1 Indicatethattheaerodynamic-

—

designparametersofnontwisted-rotor-bladeturbinesgenerddyapproximate
thoseoffree-vortexturbinesintendedforsimilarapplicatims.The ~-
resultsofreference2 indicatethatfora bladewitha thintrailing %
edgehavinga fixedinitialloss,theincreaseinbladelossdueto a
thicktrailingedgeisa functionoftheratioofthetrailing-edge
thicknesstothepitch.Theresultsofreference2 alsoindicatethat
fornormaltwo-dimensionalbladelosses(between3 and5 percent)a

—

deteriorationinturbineefficiencycouldbeexpectediftrailing-edge
thicknesstopitchratiosgreaterthan0.026areused.

—

Theresultsofan experimentalinvestigationof a nontwisted-
rotor-bladeturbinerunsuccessivelyincombinationwith(a)twisted
statorbladesdesignedtomaintainzerorotorentranceincidenceangles
atallradii,and(b)nontwistedstatorbladesdesignedtomaintain zero
rotor-entranceincidenceat themeanradiusonlyarepresentedinrefer-
ence3. Therotorbladesofthisturbinehada thintrailingedgewhich
wasnotreadilyadaptableto aircooling.At appraimatelythedesign
point,a brakeinternalefficiencyof 0.86wasobtainedwiththisturbine
forcase(a),whichwasapprmimately1.5percentagepointshigherthan

d

thebrakeinternalefficiencyobtainedforcase(b).
d

Inorderto evaluatetheaerodynamiccharacteristicsofturbines
withnontwistedrotorbladeshavingthicktrailhgedgesthatsresuit-
ableforair cooling, a turbinewasdesignedandan experimentalinvesti-
gationofa 0.437scalemodelofthisturbinewasmadeattheIWCALewis
laboratory.Thedesignrequirementsofthisturbinewerethesameas
thoseoftheturbineofa contemporaryturbojetengine;thisturbinewas
designedtomaintainzerorotor-entranceincidenceanglesatallradii.
Theinvestigationwasconductedina single-stageturbinerighavinga tip
diameterof15 incheswithentranceconditionsofatmosphericpressureand
a temperatureof685°R. Over-allperformancedataoftheturbinewere
obtainedovera rangeofequivalenttipspeedsfrom350to 700feetper
secondandstagnation-pressureratiosfrom1.5to 3.0. Circumferential
andradialsurveydataoftheflowatthestatorandrotorexitswerealso
obtainedatapproximatelydesignstagnation-pressureratioandequivalent
tipspeed. —

.

.
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TURBINEDESIGN

GeneralSpecifications

3

‘Ibeturbine-designconditionsspecifiedweresuchthattheturbine
wouldbe requiredto drivethecompressorofa contemporaryturboJet
engine.Whenthegeometricdimensionsofthejet-engineturbinetogether
withthecompressor-performancedataareused,thefollowingdesign

m specificationsoftheturbineresultforsea-levelstaticconditions.I’P0 ThesymbolsusedaredefinedinappendixA.CIY

Turbine-entrancetemperature,-.T1’,‘R . .’. . . . . . . . . . . . 2065
Turbine-entrancepressure,PI’,lb/sqft absolute
Tipspeed,Ut,ft/sec. . . . . . . . . . . . . .
Equivalenttipspeed,Ut/., ft~sec. . . . . .
Equivalentweightflowperunitannulusarea,
w~l/51A1,lb/sec/sqft . . . . . . . . . . .

Equivalentweightfiowj~61*1/t51,lb/see . . . .
Turbine-tipdiameter,in. . . . . . . . . . . .
Turbinehub-tipradiusratio . . . . . . . . . .
Equivalentshaftwork,Ah/e*l,Btu/lb. . . . . .

DesignProcedure

. . . . . . . .

. . . . . . . .

. . . . . . . .

. . . . . . . .

. . . . . . . .

. ...0. . .

. . . . . . . .

. . . . . . ● .

10,253
1185
602

14.94
36.89
34.30
0.784
24.82

Thefollowingassumptionsweremadeinthedesign:

(1)Theabsolutestagnationpressureandthestagnationtemperature
areuniformoverthebladeheightattheentranceto thestatorandrotor.

(2)The expansionintheturbineisadiabatic.

(3)Thestagnation-pressureratioacrossthestator~‘ /pl’
equals0.98.

(4)The ratiooftheeffectiveannulussreato theactualannulus
areaatthestatorandrotorexitequals0.95. (Thisassumptiontogether
withassumption(3)resultsina flowcoefficientof 0.93atthestatcm
exit.)

,
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(5)‘Ihedesignbrakeinternalefficiencyequals0.85. (Thisresults
ina stagnation-pressureratio pl’/p3’atthemeanradiusof2.44.)

. A limitingrelativerotor-entranceMachnumberof 0.85wasassigned
attherotorhub. Inaccordancewiththemethodbasedonsimplified
radialequilibriuminreference1,preliminarycalculationswerethere-
foremadetodeterminethevalueofrotor-exittangentialvelocitythat
wouldyieldthisdesiredhkchnunber.!Ihecasebasedonsimplified
radialequi~briumwasusedhereinf~ thepurpose’ofexpediency.A
valueofrotor-exittangentialvelocityof -225feetpersecondyielded
a relativeMachnurriberOf0.86atthehub. ItwasknownthatthisMach
mmiberwoulddecreaseslightlywhentheeffectof curvatureofthe
streamlinesintheradial-axialplanewasaccountedfor. Thisvalueof
rotor-exittangentialvelocitywastherefmeconsideredtobe satisfac-
torywithregsrdtothelimitingrelativerotor-entrance&ch numberat
therotorhub. Thisvalueofrotor-exittangentialvelocity
(-225ft/see)togetherwiththedesignrequirements,assumptions,and .
thechartsofreferences1 and4 wasusedto calculatevelocitydiagrams
forthehub,mean,andtipradiiatthestatorandrotorexitsfora
fuel-airratioof0.018;a fuelhavinga hydrbgen-csrbonratioof0.167
wasused. Thedesignofthestatorandrotorbladeswas basedonthe
velocitydiagramsobtainedwhencurvatureofthestreamlinesinthe
radial-axialplanewasaccountedfor(Inaccordancewithreference1);
however,forcomparativepurposes,thevelocitydiagramsbasedon simpli-
fiedradial-equilibriumwerealsocalculated.Theresultsforbothcases
srepresentedinfigure1. A hubrelative rotor-e@rance.Machnumber.of
0.84existsifthecurvatureofthestretiinesintheradial-axialplane._
isaccountedfor;also,althoughlargevsriatio?.woftheflowconditions
existbetweenthesetwocases, thevariationinbladeanglesissmall.
Tnedatapresentedinfigure1 yieldedvaluesof integratedequivalent,

. weightflowof37.11”poundspersecondand.equivalent-weight-flow-

a

6

—

0)m
-Y
ml

—

—

● “

U

ave~agedshaftworkof
designspecifications.

24.78-Btuperpound,whichcloselysatisfiedthe

BladeDesign ——.

!Iheturbinedesignwasintendedforuseina contemporaryturboJet
engine;therefae, geometricdeparturesfromthedesignoftheexisting
turbinewereheldto a minimumandwere?mdeonlywhensimplicityof
coolingtherotorbladeswouldresult.Consequently,theparametersof
solidity,aspectratio,axialchord,bladeheight.,andleading-and
trailing-edgeradiioftheexistingturbine.weremaintainedinthe

—.

designofthestatorblades.As a meansofsimplifyingtheproblemof .
coolingtherotorblades,changesintheexistingrotor-bladeparameters
wereadopted.Thenumberofrotorbladeswasreducedfrom96 to 72blades“- ~
andtheaxialchordwaschangedfrom1.68inchesto2.25inches.In

.:
..
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thismanner,thesamerotor-bladesolidity(basedon axialchord)was
maintained.Therotor-bladeheightoftheexistingturbinewasused;a
changeinaspectratio(basedonsxialchord)frcm2.20to“1.64resulted.
Detailsofthestator-androtor-bladeprofiledesignssrepresentedin
thefollowingsections.

Statorblades.- Thestator-bladeexitanglesaspresentedinthe
velocitydiagramsinfigure.1sretheflowanglesinthefreespace
betweenthestatorexitandrotorentranceanddonotaccountfor
blockagedue”tothetrailingedgeofthestatorblade.Thestator-blade
suction-surfaceexitanglesweredeterminedby accountingfortrailing-
edgeblockageinthefoJ20wingmanner:A trailing-edgeradiusequalto
thetrailing-edgeradiusoftheexistingbladewasusedanda weight-

P2VX,2flowparameter ,basedontherestrictedareawasdetermined.
P2‘ acr,2

Theabsolutevelocitiesatthestatorexitaspresentedinthevelocity
diagramsindicatethatsupersonicvelocitiesexistinthefreespace
betweenthestatorexitandrotorentrance.Itwasthereforeassumed
thatsonicvelocityexistsatthestator-bladethroat.Withtheuseof
figure4 ofreference1,theabsoluteflowanglewascalculatedforthe
valueofweight-flowpsrameterbasedontherestrictedsreaandforthe
conditionof sonicabsolutevelocity.Thisanglewasassumedtobe the
stator-bladesuction-surfaceexitangleatthethroatoftheblade.A
straightsectiononthesuctionsurfacewasmaintainedfromthethroat
to thetrailing-edgeradiusandtheremainderoftheprofilewasdeter-
minedby fairingbetweentheleading-edgeradiusandthethroatforthe
suctionsurfaceandby fairingbetweentheleading-andtrailing-edge
radiiforthepressuresurfacemaintaininga smoothvariationofflow
passagebetweenadjacentblades.Thisprocedurewasfollowedatthe
hub,mean,andtipradiiandtheentirebladewasconstructedby fairing
betweenthesectionsattheseradii.Forexpediency,no analysisofthe
flowconditionsthroughthestator-bladepassageswasmade. Themean-
sectionprofileispresentedinfigure2 togetherwitha comparisonof
thestator-bhde-profileexitanglesandthestator-exitflowanglesat
thehub,mean,andtipradii.

Rotorblades.- Coolingrequirementsimposedcertainlimitationson
therotor-bladeprofiledesign.me coolingrequirementsspecifiedwere
(1)thattheinternalcooling-airpassageareaandprofilenotchange
alongthebladeheight,and(2)thattheminimumleading-andtrailing-
edgeradiiofthecooling-airpassagebe suffici@il.ylargetoprovide
adequatecoolingatthebladeextremities.Theuseofa profilewith

. uniformcamberandnotwistalongthebladeheightsatisfiedcondition(l).
Condition(2)dictatedtheuseoflargeleading-andtraillng-edgeradii
inthebladeprofileandconsequentlyresultedina thickprofilein
ordertomaintaina smoothprofilefromtheleadingto thetrailingedge.
Withthedatapresentedinthevelocitydiagramsoffigure1, a rotor-
bladeprofilewasdesignedatthemeanradiusforzerorotor-entrance

.
—
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incidenceangle.Therotor-bladeexitangle

NAC!AFM E52A25 .

wasadjustedtoaccount
forblockage-duetothetrsilingedgein~ manners&Llm to thatused

m

inthestatm-bladedesignexceptthattherotor-exittangential.velocity
wasassumedtobe constantfromthestationinthefreespaceatwhich
thevelocitydiegramswerecalculatedtotheexitoftherotor-blade
passsge.

Thebladeprofilewasconstructasfollows:Thebladecmiber
linewasspecifiedasa third-degreepolynomialwithslopesatthe
entranceand&it equaltothetangentsoftherelativerotorentrance
angleandadjustedrelativeexitangle,respectively.AnNAC!A65-01!5
airfoilwasthenconstructedaroundthiscaniberlineandtheprofilewas
modifieduntilthecoolingrequtiementsweresatisfied.Thefinalmean-
radiusprofileisshowninfigure3. A ratioofthetrailing-edge
thicknesstopitchof0.094existsatthemeanradiusandtheadjusted,
relativerotor-bladeexitangleequals137.00as comparedwiththeexit
flowangleof142.2°.Inaccordancewithreference2 thisvalueofthe
ratioofthetrailing-edgethicknesstopitchindicatesthatadditional
bladelossesshouldbe~ected. Inorderto determinetheaverage
flowconditionsalongtherotor-bladesurfaces,theflowconditions
withinthebladepassageatthemeanradiuswereanalyzedinaccordance
withthemethodpresentedinreference5. Theresultsofthisanalysis
forthech~el portionofthebladepassagearepresentedinfigure~
wherethesuction-andpressure-surfacerelativecritical-velocity
ratiosareplottedagainstsurfacedistance.!Ihisfigureshowsthata
maxhmmrelativecriticalvelocityratioof1.05occursonthesuction
surfaceata distance0.81inchalongthesurface(24percentofthe
surfacelength).Theprofileshowninfigure3 wasusedatall.radii;
anuntapered,nontwistedrotorbladeresulted.

EQUIPMENTANDJX5YCRUMENTATION

Theturbineusedinthisinvestigationwasa 0.437scalemodelof
thedesignthatfittedanexistingturbinerig. Thescale-mcdelstator-
bladeringassenblyandrotor-bladewheelasseniblyareshowninfig-
ures5 and6,respectively.me arrangementoftheexperimentalequip-
mentusedisdiagrammaticallyshowninfigure7. Ambientairwasdrawn
fromthetestcellthroughan electrostaticprecipitatortoramve dust
particles.Theairwasthenheatedbypassagethrougha steam heaterto
avoidwatercondensationintheturbine.Constantturbine-entrance
temperaturewasmaintainedby anautomaticcontrolwhichregulatedthe
amountofairbypassingtheheater.After~assingthroughtheturbine,
theairwasexhaustedby thelaboratorylow-pressureexhaustsystem.An
automaticallycontrolledbutterflyvalvedownstreamofthesurgetank
inthelow-pressureexhaustlinemaintainedthedesiredpressureratio
acrosstheturbine.
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Thepoweroutputwasabsabedby a waterbrskethatwascradlei mountedfortorquemeasurementswhichweremidewitha comercial. string-
lessdynamometerscale.Theturbinespeedwasindicatedby a calibrated
electrictachometer.Airflowwasmeasuredby meansof a standardflat-
plateorificelocatedbetweentheprecipitatorandthesteamheaterand
insta3JedinconformancewithA.S.M.E.specifications.

A cross-sectionalviewoftheturbineshowingthelocationofthe
instrumentationispresentedinfigure8. Entrancestagnationpressures
andtemperaturesweremeasuredby eightstagnation-typeprobes(fourfor
stagnationpressureandfourforstagnationtemperature)locatedatthe
meanradiusat equalcircumferentialstations0.73inchupstreamofthe
statw. ‘Iherotor-exitstaticpressurewasmeasuredwith14 staticwall
tapslocated0.66inchdownstreamoftherotor,sixontheouterwaU
and.eightontheinnerwall. Therotor-exittotsltemperaturewas
measuredwithfourstagnation-typetemperatureprobeslocatedatthe
meanradiusatthedownstreamendoftheexhaust-guideemnulus.Although
radialvariationofthetemperaturemayhavepreventedthethermocouples
fromindicatingan accurateaveragetemperature,theeffectonturbine
performanceissmallbecausethistemperaturewasusedonlyto compute
theavailablerotor-exitstagnationpressure,inwhichcssean errorof
5°R wouldchangethecomputedefficiencylessthan0.003.‘Ihismethod

* ofobtainingexitstagnation pressureisdescrib~inthesection
entitled“PROCEIXJREANDPERFQRMMWECAK!ULATIONS.”

. Inadditiontotheinstrumentationdescribedintheforegoing
paragraphs,theturbinerigwaseqtippedwitha surveymechanismwhich
enableddetailedsurveystobe madeoftheflowconditionsat thestator
androturexits.Kthismechanismconsistedofa completecircumferential
ringwithfivemountingpadsbetweenthestatorandrotorandfiveat
therotorexitatcHf’ferentcircumferentialstations.Onthesepads
probeactuatmsweremountedwhichpermittedtheprobestobe movedto
anyradialpositionwithintheannul-usandtobe rotatedabouttheir
axesto anyangleintheairstream.Theentiresurveyringcouldalso
be rotated30°circumf=ential.lyby meansof a wormandgeardrive
arrangement.

Theinstrumentswerereadwtththefollowingprecision:

Absolutepressure,in.oftetrabromoethane. . . . . . . . . . . . ~0.05
Orificepressuredrop,in.ofwater . . . . . . . . . . . . . . . m.05
Temperature,% . . . . . . . . . . . . . . . . . . . . . . . ..*1
Torqueload,lb....... . . . . . . . . . . . . . . . . ..~O.2
Rotativespeed,rpm . . . . . . . . . . . . . . . . . . . . . . . *1O

Fora stagnation-pressureratioof2.00orgreater,theprobable
. errorinreproducingtheturbineefficiencywas 0.005.
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PROCEDUREANDPERFORMANCECAK!UIATIONS
.

Over-allPerformance

Dataweretakenatncminalvaluesof stagnation-pressureratios
from1.5to3.0. At eachofthepressureratios,theturbinewasoper-
atedatconstantequivalenttipspeedsrangingfrom350to 700feetper
second,whichcorrespondto turbinetipspeedsof 688to I-376feetper

—

secondfora turbine-entrancetemperatureof2065°R. Forallruns,
theentrancestagnationtemperaturewasmaintainedbetween683°and a-
6870R; thestator-entrancestagnationpressurevariedbetween24 and - ~-

26 inchesofmercuryabsolute,dependingontheairflowandtheambient-
N

airpressure.

Thebrakeinternalefficiency,whichisbasedon expansionbetween
theentranceandexitstagnationyressures,wasusedto ~ress the
performanceoftheturbine;thisefficiencyisdefinedas —

whereAh isdetermined
workincludesthelosses
intherig. ‘Ibismanner

fromturbine-shaftwork. ~is turbine-shaft *
oftheantifrictionbearingswhichwereused
ofmeasuringtheworkoutputisindicativeof

thepower-availabletothecompressorofa jetengine.TheidealCtrop i
inenthalpy(hl’-h3’)swascomputedfromthechartofairpropertiesin
reference3 by usingtheentrancestagnationpressureandten@erature

-—

andtheexitstagnationyressure.Theavailableexitstagnationpressure
wascomputedontheassumptionsthatone-dimensionalflqyaxistsand
occupiesthefullannulusareaandthatthetangentialvelocityequals‘-

c—

zeroatthisstationby usingthefollowingformulainwhichallquan-
titiesareknownexceptp3’: —

S“$im[(s)(:)f f—.

Becauseoftheassumptionof zeroexittangentialvelocity,thismethod —
of computingtheavailableexitstagnationpressuregivesa conservative
value.Iftheenergyinthistangentialvelocityisneglected,the
designstagnation-pressureratiochangesfrom2.44,aspreviouslynoted,
to2.45. ~is pressureratioandthedesignshaftworkresultsinan

*

assumedbrakeinternalefficiencyof 0.84. Theweightflowofairwas
determinedfromtheorificemeasurementsandthedataofreference6. .
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Allturbine-performancedatawerereducedtoNACAstandardsea-level
conditionsatthestator entrance.Theperformancewasexpressedin
termsofthefoll.owingvariables:brakeinternalefficiencyqt,
stagnation-pressureratio PI’/P3’~ equivalentshaftwork Ah/6*~,
ratioof equivalenttipspeedto equivalentweightflow ut51/we*1,
andequivalenttipspeedUt/~~.

Becausetheturbinewasdesignedforan entrancetemperatureof
2CK5°R andtheturbinewastestedasa sc~e modelat~ entr~ce
temperatureof685°R, someofthedesignparameterspresentedinthe
sectionTURBINEDIBIGNsrenotfirectlyapp~cabletotheresultsofthe
turbineinvestigation.Inorderto obtaina comparisonoftheseparam-
etersatclifferenttemperaturelevels,ananalysisispresent&1in
appendixB thatprovidesfora comparisonofthedesignparametersat
differenttemperaturelevels.~ this~dJWiS , it wasassumedthat
theparametersof equivalentshaftworkandequivalenttipspeedsre
a functionof onlytheratioofthecriticalvelocityattheturbine-
entrancetemperatureto thecriticalvelocityattheNACAstandardsea-
leveltemperature.Intheanalysis,theparametersofstagnation-
pressureratioandequivalentweightflowareshowntobe a functionof
theratioofthespecificheats.Applicationofthisanalysisresults
inthefollowingscsle-mcdel-turbinedesignparametersfora temperature
of6850R; thatis,a specifit-heatsratioof1.40:

Equivalenttipspeed,Ut/fi, fL/sec. . . . . . . . . . . . . . 602
Equivalentweightflowperunitannulusarea,
w~/151A, lb/sec/sqft. . . . . . . . . . . . . . . . . ...15.58

Equivalentweightflow,~/b* ~, lb/see. . . . . . . . . . . . 7.37
Equivalentshaftwork,Ah/6*1,Btu/lb. . . . . . . . . . . . . . 24.82
Stagnation-pressureratio,pl’/p3’. . . . . . . . . . . . . . . 2.60
Brakeinternalefficiency,qt . . . . . . . . . . . . . . . . . . 0.84“

FlowSurvey

M orderto studythevariationsoftheactualflowconditionsfrom
theassumedflowconditions,detailedradialandcircumferentialmeas-
urementsoftheflowconditionsat statorandrotorexitsweremade
simultaneouslyatapproximatelythedesignstagnaticn-pressureratioand
equivalenttipspeed.At,thestatorexit,theflowangleandthestagna-
tionpressureweremeasured;theflowanglewasmecisuredwitha static



10 mmmm!AL - N4CARM E52A25
●

wedgeprobeandthestagnationpressurewitha O.030-inchinsided.ismeter
hook-typeprobe.Theflowangle,stagnationpressure,andstagnation .
temperaturewdremeasuredattherotorexit. Theflowangleandstagna-

—

tionpressureweremeasuredwitha hook-typethree-clawprobe,theangle
beingmeasuredby theoutertubesoftheclawandthestagnationpressure
by thecentertube.An unshieldedspike-typethermocouplewasusedto
measurethestagnationt~eratureattherotorexit. — ~.

is
%

RESULTSANDDISCUSSION

Over-all Performance

Theover-allperformanceofthescale-modelturbineispresentedin
theformof a compositeplotwheretheparametersofbrakeinternal
efficiency,equivalenttipspeed,andstagnation-pressureratiosre
plottedagainsttheequivalentshaftworkastheordinateandtheratio
oftheequivalenttipspeedtotheequivalentweightflowasthe
abscissa(fig.9). At thedesignequivalentshaftwork,24.82Btuper
pound,andthedesignequivalenttipspeed,602feetpersecond,an
efficiencyof 0.82wasobtained.At thispointa stagnation-pressure
ratioof2.65exists.Thisvaluediffersfromthedesignpressureratio
of2.60becauseofthe0.02clifferencebetweentheassumedturbine
efficiencyandthatobtainedfromtheinvestigation.

Thelinesof constantequivalent‘tipspeedsreverticalforall
stagnation-pressureratiosabove1.8. Thisconditionindicatesthatthe
turbineischoked.Thevalueofchokingweightflow,7.57poundsper
second,whAchwasobservedat alJspeedsindicatedthatthestatwwas
choked.Thisvalueis2.7percentgreaterthanthatofthedesign
equivalentweightflow. A designflowcoefficientof 0.93wasassumed
sndthestatorbladewasdesignedto chokeatthethroat.A fabrication
errorof 0.001inchinthethroatwidthofthemodelturbineresultsin
a 0.5percentchangeinweightflow. Inasmuchasthefabricationtoler-
smcesinthethroatwidthwere&O.004inch,thedifferencebetweenthe
designandequivalentweightflowisattributedtofabricationerrors
andto a variationinthevaluesof thedesignflowcoefficientandthe
actualflowcoefficient.

As canbe seeninfigure9,themaximumbrakeinternalefficiencies
oftheorderof 0.845occurredatregionsof stagnation-pressureratios
andequivalenttipspeedshigherthandesign.Thisconditionisbelieved
to existwhenthevalueoftheratioofthemeanbladespeedtothejet
velocityisapproximately0.5,wherethejetvelocityisdefinedas:

.
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A plotofthebrakeinternalefficiencyagaindttheratioofthemean
bladespeedto theJetvelocityforseveralstagnation-pressureratios
ispresentedinfigure10. Forstagnation-pressureratiosof1.5,1.9,
and2.3,peakbrakeinternalefficiencyoccursatvaluesofthemean-
blade-speedto jet-velocity-ratiorangingfrom0.50to 0.52. Peakbrake
internalefficienciesatthestagnation-pressureratiosof2.65and3.0
werenotobtainedbecausetherangeofspeedoperationinthisinvesti-
gationdidnotincludethehighspeedsrequiredto coverthisrangeof

N mean-blade-speedto Jet-velocityratiosforthehigherstagnation-
%a pressureratios.

FlowSurvey

Surveysoftheflowconditionsatthestatorandrotorexitswere
madefora stagnation-pressureratioof2.40andequivalenttipspeedof
590feetpersecond.me actualbrakeinternalefficiencyatthissurvey
pointwaslowerthantheassumedvalue. Inasmchasthesurveyswere
madeata stagnation-pressureratioandata brakeinternalefficiency
lowerthandesign,underturningoftheflowattherotorexitwas
expected.

Statorexit.- Theresultsof thestator-exitsurveysarepresentd
infigures11 and12. Figurel.lpresentsa plotofthemeasured
stagnation-pressureratioacrossthestatorandthestator-blade-exit
flowangle,bothparametersmeasuredatthehub,mean,andtipradii,
againstcircumferentialpositioncoveringtwobladepassages.Itcanbe
seenthatlsrgeregionsofstagnation-pressurelossexistacross a blade
pitchevenatthemeanradius.Thisconditionwasmostsevereatthe
hubradius.Theregionsof stagnation-pressurelosssreLargerthan
couldbe reasonablyattributedto thethicknessofthetrailingedgeof
thestatorblade.Theselargeregionsof stagnation-pressureloss
togetherwiththedirtpatternsonthestatorshroudsindicatethatflow
separationoccurredonthesuctionsurfaceofthestatorblade. kasmuch
asthestatorbladesweredesignedto chokeatthethroatandthatthe
flowseparationappearedto occurafterthethroat,it isprobablethat
theseregionsofstagnation-pressurelosshadlittleeffectontheweight
flowthroughtheturbine.A maximumvariationof approximately40 of the
statcm-blade-exitflowanglewasmeasuredacrossa bladepassageatthe
threeradialpositionsin~estigated.Scmeofthisvsriationisdueto
difficultyinmeasurementoftheanglesinthecircumferentialandradial
pressuregradientthatexisted.

Aplot of stagnation-pressureratioacrossthestatw andthestator-
blade-exitflowangleagainsttheradiusispresentedinfigure12. This
surveywasmadealonga pathwherethestagnation-pressurelosswasa
minhumasdeterminedby circumferentialsurveysat several.radii.Shroud
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bounderylayersatthehubandthetipofapproximateely0.15inchexisted,
as indicatedby thegradientof stagnation-pressureratioshownInfig-
ure12. Outsideoftheseregionsa stagnation-pressurelossof approxi-
mately2.0percentwasobserwd. Thenmdmum.deviationofmeasured
stator-exitflowanglefromthedesignanglewas10 exceptfortheregion
nesrthehubandthetipboundsrylayers.

Rotorexit.Theresultsoftherotor-exitsurveyssrepresentedin
figures13and14. .Figure13presentsa plotofthemeasuredstagnation-
pressureratioacrosstheturbineandtherotor-blade-exitabsoluteflow
angleatthehub,mean,andtipradiiagainstthecircderential
positioncoveringthesamecircumferentialarcas inthestatm surveys.
Theseverestagnation-pressure-lossregionsthatexistedatthestator
exitWerenotobservedatthisstation;thus,mixingoftheflowthrough
therotorwasindicated.At themeanradius,however,therewassome
indicationthatpressuregradientsexistedat intervalsequaltothe
stator-bladespacing;thisindicatedthatthestatorstagnation-pressure-
lossregionsarenotcompletelydissipate$astheairpassesthroughthe
rotor.Theanglevariationalongthecircumferenceatthehubandtip
radiiappesrtobe moreseverethanthevsriationatthestatorexit.
Inasmuchasthisanglewasmeasuredwitha three-clawprobe,whichIs
sensitivetothepressuregradients,someof theanglevariationsmaybe
attributedto thesensitivityoftheinstrument.

Theflowconditionsattherotorexit”acrosstheradiussrepre-
sentedinfigure14. At thisstationcarewasagaintsken to obtain
measurementsinsucha mannerastominimizetheeffectofthecircum-
ferentialpressuregradientsontheinstrumentreadings.Figure14pre-
sentstheradialvsriationofthemeasuredstagnation-pressureratio
acrosstheturbine,therotor-blade-exitabsoluteangle,andthe
stagnation-temperature-dropratio.No apparentregionsoflargegradients
ofstagnationpressureatthehubandtipoftherotorexitweremeas-
uredwiththeinstrumentused. Thestagnation-pressurerationearthe
tipofthebladesremainsalmostconstantwhereasthetemperaturedrop
decreaseswithradiustowsrdsthetipoftheblade;thiscombination
resultsina dropintheturbineefficiencytowardthetipoftheblade.
Theanglevsriationpresentedindicatesthatan.-undertwrningofappr~i-
matelyK2°existsoverthebladeheight.SomeofthisUnderturningcan
be explainedby thefactthatthesurveywasmadeat a stagnation-
pressureratioanda

An experimental
bladeturbinehaving

brakeinternalefficiencylowerthandesign.

SUMMRYOF13EsmTs

investigationofa scalemodelofa nontwistedrotor--
rotorbladessuitableforairccmliwmnd
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thesamedesignrequirementsas
turbojet,engimewasconducted.
surveysatthestatorandrotor

tho.s-e~ftheturbineofa contemporary
Theover-allperformanceandflow
exitsindicatedthefollowingresults:

1.At thedesignequivalentshaftworkanddesignequivalenttip
speed,a brakeinternalefficiencyof 0.82wasobtained.Maximumbrake
Ln.terml.efficiencies oftheorderof0.845occurredatregionsof
stagnation-pressureratiosandequivalenttipspeedsgreaterthsndesign
forther-e ofconditionsinvestigated.

2. Largeregionsofstagnation-pressurelosswerepresentatthe
statorexit,a conditionwhichindicatespossibleflowseparationonthe
suctionsurfaceofthestatorblade.

3. A decreaseofturbineefficiencytowardthetipofthebladewas
observedintheflowsurveysattherotorexit.

LewisFlightItmpulsionLaboratory
NationalAdvisoryCcmmitteeforA=onautics

Cleveland,Ohio
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A

acr

g

h

Ah

J

K

M

P

R

r

T

u

v

w

w

a

$

Y

8

Thefollowingsynibolsareusedinthisreport:

annulussrea,sqft

1

() z
critical.velocity,~ gRT , ft/sec

accelerationduetogravity,ft/sec2

specificenthalpy,Btu/lb

turbinespecificshaftwork,Btu/lb

mechanicalequivalentofheat,ft.lbfitu

constant

Machnuniber

absolutepressure,lb/sqft—

gasconstant,ft-lb/(lb)(%)

radius,in.

absolutetemperature,%

bladevelocity,ft/sec

absolutegasvelocity,ft/sec —

relativevelocity,ft/sec

gasweightflow,lb/see

angle of

angle of

ratioof

ratioof
z
Po

absolutevelocity

relativevelocity

specificheats

.

.. ..

withtangentialdirection,deg

withtangentialdirection,deg .—

inlet-airpressuretoNACAstandardsea-levelpressure,
.
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.

N
+
m
co

e functionof T

l’lt turbinebrskeinternalefficiencybasedonstagnationcondition

O* squsreofratioof critical.velocityto criticalvelocityatNACA
a 2

()
crstandardsea-leveltemperature,—
acr,O

P density,lh/cuft

Subscripts:

0

1

2

3

c
.

Cr
8 H

h

J

m

s

t

th

u

w

. x

NACAsea-levelstandard

stata entrance

statorexit,rotorentrance

rotorexit

coldcondition

critical,stateatspeedof sound

hotcondition

turbinehub

idealjet-

turbinemean.

isentropic

turbinetip

statorthroat

tangential

relative

Sxial
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Superscript:

f stagnationstate

11 relativestagnationstate
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APPENDIXB

ANAIXXGSOFVARIATIONOFHESIGNEQUIVALENTPARAMETERS

WITHTURBINE-ENTWINCE~

17

Intheanalysisofthecoqarisonoftheperformanceofturbinesat
clifferenttemperaturelevels,it ismostdesirableto comparethedesign
psmmetersthatresultinsimik velocitytrianglesinwhichthecompo-
nentsofthetrisnglehaveequalMachnumbers.TheMachntier is a
functionofthestatictemperature,whichisdifficultto determinein a
performsnce investigation.Fora single-stsgeturbinewitha choked
stator,theabsoluteMachnuniberis equalto or onlyslightlygreater
thanthecriticalvelocityratio.~erefore,theassumptionwillbe
madethatU theequivalentvelocityparameterssrebasedonthecrit-

icalvelocity,whichisdefinedas acr’=-* W a single-stage

turbinewithzerorotor-exittangential.velocity,theworkoutputofthe
turbinemaybe
exit;thatis,

Theequivalent
expressedas a

expressedintermsofvelocityc&ponentsatthestator

Ah= ‘2VU,2
gJ

tipspeedandtheequivalent
functionoftheratioofthe

shaftworkmaytherefwe
criticalvelocityatthe

turbine-entrancetemperatureto thecriticalvelocityatthe-NACA
standardsea-levc+ltemperature;thatis,

(’-&)E=(-$=)c
and

me variationinthestagnation-pressureratio
entrancetemperatureisdeterminedasfollows.The
workmaybe expressedas

withtheturbine
equivalentshaft

be



3s

r
Ah 2&+(~)r I~ ‘ acr,O

Because
(%E’(%C

andifitisassumed

(@H = (~t)~, thefoll.owingequationresults
equatedforthehotendthecoldconditions:

{*[l(;y],= *[1

NhCARM ES2A25 ,

.

whenequation(1)is

y-l
T

1] c

(1)

(2)

Thisexpressiongivestherelationofthestagnation-pressureratiosfor
hotandcoldconditionsasa functionofratioofthespecificheats.

Thevariationinequivalentweightflowwiththeturbine-entrance
temperatureisdeterminedasfollows:Theweightfora chokedstator
maybe expressedas

E it

that

isassumedthat

P’cr
‘=K andifP,‘

criticaiflow,

w= ~cracr’~h (3).

T’ = T1’cr andthatth’epressurelossesaresuch

thefollowingthermodynamicrelationsareusedfor

*

Pcr

()

2
7=cr q

and

Tcr 2—=—
Tcr’ y+l



NACARM E52A25

equation(3)may

Ifitis assumed
statcmareequal

bewrittenas

J9

(4)

thatthethroatsreasandthepressurelossthroughthe
forthehotandcoldconditions,thefollowingexpres-

sionresultswhenequation(4)isequatedforthehotandcoldconditions:

[a;?’ (%)a+]==[a;? ’(%$], ~5)

Whenbothsidesof equation(5)aredividedby aCr,o andmultiplied

by Po> theratiooftheequivalentweightflowsforthehotandcold

conditionsmaybe written

where

[(+)%4.
‘=[(%)%+]=

(6)

-—
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F’igure6.- Scale-modelrotor-bladewheelassembly.
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